What makes the spermatogonial stem cells (SSCs) self-renew or differentiate to produce spermatozoa is barely understood, in particular in nonmammalian species. Our research explores possible regulations of the SSC niche in teleost, locally by paracrine factors and peripherally by hormonal regulation. In the present study, we focus on the Gdnf-Gfra1 pathway that plays a major role in the regulation of SSC self-renewal in mammals. We describe a complex evolution of the genes encoding for Gdnf and Gfra1 proteins in trout with the emergence of three gdnf and two gfra1 paralogs. Using quantitative PCR measurements in isolated testicular cell populations, the gdnfb paralog was found expressed in Aspermatogonia and probably in another testicular cell type. In contrast, the transcript of gfra1a, the Gdnf receptor, was preferentially expressed in a population of undifferentiated Aspermatogonia (und A-Spg) separated by centrifugal elutriation. These und A-Spg also demonstrated high stemness potential in transplantation studies and preferentially expressed nanos2, a putative SSC marker in trout (Bellaiche et al., Biol Reprod 2014; 90:79). Flow cytometer experiments demonstrate that only a subfraction of und A-Spg express Gfra1. In trout, spermatogenesis develops along a strict annual cycle, and gdnfb and its receptor were expressed in a spermatogenetic activity-dependent manner. In particular, a dramatic increase of the gdnfb transcript coincided with the progressive cessation of rapid spermatogonial proliferation and of meiosis toward the end of the reproductive cycle. Together these results suggest that, in trout, Gdnfb is involved in the repression of und A-Spg differentiation. Fsh is an endocrine regulator of SSCs selfrenewal through the up-regulation of Gdnf in rodents. We demonstrate that in trout, in vitro Fsh treatment stimulated the expression of the gfra1a1 but not of its ligand, gdnfb. Fsh treatment also stimulated the proliferation of und A-Spg cocultured with testicular somatic cells. Based on those results, the Gfra1-positive cells could correspond to the putative SSCs in rainbow trout, and we propose that the balance between SSC self-renewal and differentiation during the trout spermatogenetic cycle is under paracrine regulation by Gdnfb, which represses, and under peripheral regulation by Fsh via the control of gfra1a1 expression.
INTRODUCTION
Continuous or cyclic production of spermatozoa through life in adult male vertebrate relies on a subpopulation of undifferentiated germ cells, the spermatogonial stem cells (SSCs). We recently characterized undifferentiated spermatogonia in trout testis [1] and hypothesized that the subset of undifferentiated A-spermatogonia (und A-Spg) expressing nanos2 transcript are putative SSCs in trout. Despite the fact that SSCs have been discovered and studied for more than 50 yr [2] , their characteristics and the regulating factors involved in their fate have only partially been elucidated, especially in nonmammalian vertebrates. GDNF (glial cell-line derived neurotrophic factor) is considered one of the major regulator of mammalian SSCs biology. Indeed, Gdnf heterozygous knockout mice progressively lost their fertility with the total disappearance of spermatogonia [3] . Conversely, GDNF overexpression in the testis induced accumulation of und Aspg [4] . This led to a proposal that GDNF acts as a regulator of SSCs self-renewal, which was further supported by in vitro studies in rodents [5, 6] , rabbit [7] , and bull [8] .
The cellular responses to GDNF are mediated by a multicomponent receptor complex consisting of RET receptor tyrosine kinase and a glycosyl phosphatidylinositol-linked ligand-binding subunit GFRA1 [9] . GFRA1 has been detected in the und A-Spg population in numerous mammalian species such as rodents [10] [11] [12] , domestic species such as pig [13] and horses [14] , as well as primates such as the rhesus monkey [15] and humans [16] . Although GFRA1 expression is observed in all und A-spg types in mice, its expression gradually decreases as spermatogonial clones become larger, changing from isolated A cells to aligned A cells [17, 18] .
Fsh regulates spermatogenesis, and in particular acts through Sertoli cells over spermatogonial proliferation in mammalian [19, 20] and fish species [21, 22] . Interestingly, in vitro, Fsh stimulated Gdnf expression by Sertoli cells in rodents [23, 24] and human testicular cell cultures [25] . Moreover, when the Fsh signal is repressed in mice in vivo, Gdnf expression is reduced, also indicating that Fsh supports Gdnf expression, in a direct or indirect manner [24] .
Knowledge concerning SSCs in fish remains scarce. Recently, studies in some fish species have allowed us to get a clearer view on spermatogonial heterogeneity on the morphological and molecular marker level. We recently found that, as in mouse, nanos2 transcript is detected in a restricted subpopulation of A-Spg that we proposed as the putative SSCs in rainbow trout [1] . Interestingly, Gfra1 expression was reported in some undifferentiated spermatogonia in tilapia and dogfish [26, 27] . Also, ovarian feeder cells producing Gdnf plus Lif and Fgf2 allowed proliferation and colony formation of zebrafish germinal stem cells in vitro [28] . These findings suggested a conservation of the Gdnf-Gfra1 pathway between distant phylogenetic species. However, both gdnf and gfra1 expression profiles and regulations have never been investigated in a comparative study in teleost. Moreover, the Fsh regulation of this pathway has never been investigated in nonmammalian species.
In trout, spermatogenesis occurs synchronously within cysts, and the spermatogenetic development of the testis follows a strict annual reproductive cycle. This allows us to study specific stages marked by an active spermatogonial proliferation, meiosis onset, spermiogenesis, or sperm excretion (spawning period). The objective of the present study was to take advantage of the spatio-temporal organization of spermatogenesis in trout to analyze the expression profile of the Gdnf-Gfra1 pathway in relation to the spermatogenetic progression. We also investigated the effects of Fsh on gdnf and gfra1 expression and on A-spg proliferation in vitro.
Although complex evolutionary events led to gene losses or gene expression losses of gdnf and gfra1 duplicated copies, our data allow us to propose that a Gdnf-Gfra1 regulatory pathway is involved in the balance between self-renewal and differentiation of SSCs in trout testis and is under the influence of Fsh.
MATERIALS AND METHODS

Ethics Statement
Experimental research on animals reported here was performed in conformity with the principles for the use and care of laboratory animals in compliance with French and European regulations on animal welfare. Furthermore, experimenters obtained an authorization given by the French Direction des Services Veterinaires to conduct or supervise experimentation on live animals.
In Silico Sequence Analysis
Each rainbow trout (Oncorhynchus mykiss) paralog was thoroughly researched within the nucleotide database of the rainbow trout EST database (SIGENAE) and in the trout genome [29] . Tblastn analysis with mouse (Mus musculus) and zebrafish (Danio rerio) genes was also conducted in other genome species. All the sequences were subsequently aligned with clustalW and served as the basis for phylogenetic tree reconstruction with the use of Mega5 using maximum the likelihood test under the Jones-Taylor-Thornton model and 1000 replication [30] .
Animals and Tissue Sampling
Male rainbow trout were obtained from the INRA experimental fish farm (PEIMA) and kept in the laboratory facilities at 128C under natural photoperiod. Fish were anesthetized with 2-phenoxyethanol (10 mg/ml water) and killed by a blow on the head. Tissues (brain, pituitary, heart, muscle, gill, stomach, liver, intestine, skin, spleen, and kidney) were sampled from prepubertal male trout. Sperm producing testes (from spawning males) and previtellogenesis ovary from female rainbow trout were also collected. All the tissues were sampled from at least three different individuals. All the samples were immediately frozen in liquid nitrogen and subsequently stored at À808C for future RNA extraction. In order to describe gene expression during spermatogenetic development, testes were collected from 1-yr-old prepubertal fish (immature, stage I), and at different stages of the reproductive cycle (described in [31] ). Testes were recovered and weighed to determine the gonadosomatic index. Tissues were rapidly immersed in paraformaldehyde or Bouin solution for further histological analyses or frozen for future RNA extraction. Accurate determination of testicular developmental stages was achieved by combining histological analysis of Bouin solution-fixed samples (on the basis of the most differentiated germ cell type present in the gonad) and gonadosomatic index as previously described in detail [31, 32] . Gonads from four to five individuals in stages I, II, III-IV, V-VI, VII, and VIII were used for RNA extraction.
Testicular Cell Isolation
Populations of germ cells at different stages of differentiation were obtained from immature males (stage I) or maturing males (stages III-IV) as previously described [33] . In brief, testes were minced, submitted to enzymatic digestion, and followed by mechanical dispersion using a Dounce homogenizer. The resulting cell suspensions were filtered through nylon gauze (150 lm, 50 lm, and 32 lm pore size) and pelleted by centrifugation. The cell pellets were resuspended in L15 medium with 1% bovine serum albumin (BSA), loaded into 45% Percoll, and centrifuged for 40 min at 500 3 g and 20 min at 100 3 g to remove cell clusters, erythrocytes, and most spermatozoa, if present. The upper floating layers were recovered and submitted to cell sorting by centrifugal elutriation (JE5 Beckman Instruments). Cell separation was performed at constant rotation speed (2000 rpm) and increasing flow rates in L15 media with 0.5% BSA. Germ cell fractions (described in [1] ) were rinsed, pelleted, and either transferred in Trizol reagent and stored at À808C for RNA or used for immunochemistry experiments. Rainbow trout gonadal cell line 2 (RTG-2) (Sigma) were cultured for 5 days as suggested by the supplier. Unsorted fractions enriched in somatic cells were also obtained from immature males (stage I) or maturing males (stages III-IV) and were cultured at 128C in synthetic L15 media as modified by Loir [21] . After 1 and 2 days, the somatic cells had attached to the culture plate, and the supernatant containing floating spermatogonia was removed and replaced by new medium. After 4 days in culture, the somatic cells had flattened and the cultures were submitted to hypoosmotic medium (Hanks medium diluted with water to 220 mosmoles) for 15 min to further eliminate attached germ cells. This procedure leads to cultures enriched in testicular somatic cells but still containing up to 30% to 40% spermatogonia. The wells were rinsed with PBS and the attached cells were collected in Trizol reagent for the quantitative polymerase chain reactions (qPCR) experiments. These primary cultures were found to contain several somatic cell types, including Sertoli cells, Leydig cells, peritubular myoid cells, based on the PCR measurement of specific markers of Sertoli cells (gsdf1), Leydig (3bhsd) and other interstitial cells genes (tcf23), and myoid-cell markers like cnn2 and mlc2 (smooth muscle minor isoform) (see Supplemental Fig. S4 ; Supplemental Data are available online at www.biolreprod.org).
Real-Time PCR Analysis
Total RNA was isolated using the Trizol reagent (Invitrogen) and further purified with the NucleoSpin RNA II kit (Macherey Nagel EURL). RNA concentrations were quantified using the NanoDrop ND-10 (Thermo Fisher Scientific), and RNA quality was determined using the Bioanalyser 2100 (Agilent Technologies). Five hundred nanograms total RNA was reverse transcribed using random hexamers and the GoScript Reverse Transcriptase (Promega). Quantitative PCR was conducted using the StepOne Plus thermocycler (Applied Biosystems). Control reactions were performed without reverse transcriptase. Real-time PCR oligonucleotide primers were designed using the Primer3 software (http://frodo.wi.mit.edu/primer3/) and were verified with the oligoanalyser3. . PCR amplification was performed on 1/10 diluted first-strand cDNA templates, 13 Fast SYBR Green Master Mix (Applied Biosystems) fluorescent dye, and 600 nM of each forward and reverse primer. The cycling conditions were as follows: 958C for 20 sec, followed by 40 cycles at 958C for 3 sec and 608C for 30 sec. All the real-time PCR samples were measured in duplicate. For the panel of tissues, the gene expression level was normalized by 18s gene expression, and the highest tissue expression was arbitrarily set to 100. In testicular and cellular experiments, the gene expression level was normalized by rs15 gene expression (clone 1RT58B15_B_A08) and compared to stage I testis gene expression arbitrarily set to 100; rs15 was chosen on the basis of its invariant expression in all our previous experiments with the trout testis [34, 35] . The efficiency of PCR amplification was verified using serial dilutions of pooled reverse transcription products, and the melting curve analysis was performed at the end of each real-time PCR assay to monitor the amplification of a single PCR product. Statistical analyses were performed with R software using the nonparametric ANOVA of Kruskal-Wallis and Mann and Whitney U-test if a statistical difference (P , 0.05) was observed between groups in the ANOVA analysis.
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Immunocytochemistry and Flow Cytometer Experiments
For immunocytochemistry, isolated testicular cells (obtained from immature testes containing only und A-Spg) were deposited on L-polylysine slides using Cytospin (Shandon). The cells were then fixed with 4% paraformaldehyde in PBS for 10 min at room temperature, washed with PBS, and permeabilized with 0.1% Triton-100 for 3 min at room temperature. After washing, the cells were incubated with 1% BSA in PBS for 1 h at room temperature. Cells were then immunostained overnight at 48C with an antibody against GFRA1 (H-70; SantaCruZ, 1/50) in PBS containing 1% BSA. Cells were washed and incubated with the secondary antibody (goat anti-rabbit fluorescein isothiocyanate-conjugated immunoglobulin G, 1/200). A NIKON 90I fluorescent microscope equipped with DS Ri1 CCD camera and NIS AR software were used for image capture and analysis.
Flow cytometry was performed on und A-Spg purified by centrifugal elutriation. A total of 10 6 spermatogonia/ml were diluted in PBS plus 1% fetal bovine serum and incubated for 1 h at 48C with anti-GFRA1 antibody (ab8026; Abcam, used at 30 lg/ml) or with rabbit immunoglobulin G isotype (Novus Biological) biotin-conjugated (Milteny Biotech). After three short PBS washings, cells were incubated 15 min at 48C with anti-biotin R-phycoerythrin-conjugated antibody as recommended by the manufacturer (Miltenny Biotech). Analyses were performed on a FACSCalibur (BD Biosciences) and processed with FlowCore package on Bioconductor using R software [36] .
Organotypic and Primary Testicular Cell Culture
Three independent explant experiments were conducted as we recently reported in detail [37] . Briefly, gonads obtained from 10 to 20 immature (stage I) or stage III testes were collected, cut into 1 to 3 mm 3 pieces with an automatic tissue chopper, and pooled. Ten testicular fragments were randomly distributed (60-80 mg per well) onto Nunc polycarbonate membrane inserts into 24-well plates filled with 300 ll per well of culture medium (synthetic L15 medium as modified by Loir [21] supplemented with 2% Ultroser SF) (n ¼ 5 replicates per condition). Explants were incubated in the absence or the presence of purified pituitary salmonid Fsh (500 ng/ml) for 96 h, with a change of medium and hormones after 48 h of incubation. At the end of the incubation, tissues were frozen at À808C in Trizol reagent until RNA extraction.
Total testicular cells isolated from immature testis as described above in the first step of germ cell isolation were seeded onto gelatin (0.01%)-coated glass slides placed in 24-well plastic culture dishes (Nunc). Und A-Spg and testicular somatic cells were cocultured as previously described in our laboratory [21, 38] . Cells were incubated in the absence or the presence of 100 ng/ml purified salmonid Fsh [39] for 120 h at 128C, with a change of medium and hormone after 48 and 96 h of incubation. 5-Bromo-2-deoxyuridine (BrdU) was added for the last 24 h of culture to give a final solution of 10 lM in the well. The culture was stopped after washing the free BrdU in several changes of culture medium during the last hour. Immunodetection of incorporated BrdU procedures was performed as indicated by the manufacturer (BrdU Labeling and Detection Kit II; Roche) and was followed by chromatin labeling with Hoechst Fluorescent Stain (Pierce). All the germ cell and somatic cell nuclei were counted separately, based on their morphology in phase contrast (see the Results section) and Hoechst labeling. Then BrdU-labeled germ cells and BrdU-labeled somatic cells were counted (n ¼ 3 wells and at least 10 microscope fields per culture slide in three independent experiments). The proliferation index relates to the percentage of BrdU-labeled cells in each category and is arbitrarily set at one in control values (without Fsh). Some cultured cells were also stained in May-Gründwald-Giemsa solutions for illustrating the cocultures.
RESULTS
Identification of Multiple Genes Encoding gdnf and gfra1 Trout Counterparts
Trout belong to the teleostei (28 000 species), a group whose ancestors have been through a complete duplication of their genome (3R) [40] , generating onhologs that have been conserved or not during evolution. Furthermore, salmonids present an additional duplication of their genomes (termed 4R) so that a unique gene in mammals may have up to four paralogs in salmonids, which may or not be functional orthologs [41] . We identified three paralogs of the mammalian Gdnf gene in the rainbow trout nucleotide databases as shown by the alignment of the predicted mature ligand part of the fish and mammalian proteins (Fig. 1A) . Two main forms of gdnf (a and b) are found in teleosts. Furthermore, we found two genes encoding gdnfa subtypes in rainbow trout and in Atlantic salmon genomes. The two gene copies were named gdnfa1 and gdnfa2. Although two forms of gfra1 (a and b) are found in the genome of some teleostean species, no gfra1b gene copy was detected in trout or salmon genomes. However, we found two gfra1 gene copies in the trout nucleotide databases that are strongly related to the teleostean gfra1a (named a1 and a2). Hypothetical phylogenetic trees relating the orthologous relationships of the gdnf and gfra1 duplicated gene copies are presented in Supplemental Figures S1 and S2. The phylogenetic analysis supports that the salmonid specific a1 and a2 gdnf and gfra1 genes were derived from the ancestral teleostean gdnfa and gfra1a genes.
Despite sustained efforts, including attempts of cDNA cloning and qPCR using several primer sets specific for each paralog, no expression of gdnfa1 and gdnfa2 nor of gfra1a2 transcripts could be detected in testis or in the brain. In contrast, using real-time qPCR analysis, gdnfb and gfra1a1 (Fig. 1B) were found preferentially expressed in trout brain and/or pituitary, and also in both gonads. The expression profiles of gdnfb and gfra1a transcripts were consistent with the known expression of their mammalian counterpart and thus consistent with a possible participation of the Gdnf-Gfra1 pathway in rainbow trout testis biology.
Expression Profile of gdnfb and gfra1a During the Spermatogenetic Cycle
In trout, spermatogenesis is strongly governed by seasonality, and the spermatogenetic annual cycle has been divided into eight stages of testis maturation. The resulting relative abundance of the different germ cell types observed at each stage is represented in Table 1 . In juveniles and in the early stage of the cycle (stage I), only isolated, slowly dividing und A-Spg are present in the seminiferous tubules. During active spermatogenesis, rapid proliferation of differentiated spermatogonia (B-Spg) then meiotic differentiation progressively spreads in the gonad from stages II to V. De novo spermatogenesis progressively stops from stages V to VII so that in stage VIII, corresponding to the spawning period, only spermatozoa and a few scattered putative SSCs are present in the seminiferous tubules. In order to describe gdnf and gfra1expression profiles in relation to these changes, their transcripts were measured in five individual samples from each spermatogenetic stage. The expression profiles of gsdf1, vasa, and rshl2, known for their cell-specific expression in Sertoli cells [42, 43] , spermatogonia [34] , and premeiotic/meiotic germ cells [35] , respectively, were used for comparison.
The messenger RNA of gdnfb was already detected in juvenile and prepubertal males; its relative expression tended to decrease from stages I to IV, stages corresponding to an increasing proportion of spermatogonial cells entering rapid proliferation and differentiation ( Fig. 2 and Table 1 ). The rise in number of germ cells at these stages is also reflected by the increased vasa expression (Fig. 2) . Interestingly, gdnfb expression dramatically rose in later stages of the spermatogenetic development, stages V to VII, while spermatogonia amplification/differentiation progressively ceases (Table 1) and postmeiotic germ (including spermatozoa) accumulate in the seminiferous tubules, as also reflected by the elevated rshl2 expression (Fig. 2) . Then gdnfb expression dropped in stage VIII, when spermatogenesis is completely arrested. In comparison, gsdf1, a TGFbeta member specific to the teleostean species and known to stimulate early germ cell proliferation [42] , exhibited a quite different expression profile, Gdnf AND Gfra1 IN TROUT TESTIS with high levels at stage I and a rapid and continuous decrease during spermatogenetic development, in line with its putative action during the most immature stages. When looking at the Gdnf receptor transcript, the relative abundance of gfra1a1 was highest in the earlier stage of the spermatogenetic cycle, where und A-spg are the only germ cells present in the testis. Then its relative abundance rapidly decreased during germ cell amplification and differentiation, while during the same process vasa relative expression increased, reflecting the global increase of germ cells (Fig. 2) . To compare the levels of gfra1a1 in testes with different germ cell content, the gfra1a1 transcript expression was standardized using the transcription factor nanos2, a transcript that is specifically expressed in the putative SSCs throughout the reproductive cycle in trout [1] . As the testis developed, gfra1a1 normalized to nanos2 did not decrease but appeared stable in the early stages and even increased in stage VII (.3-fold; P , 0.05) (Fig. 2) . Taken together, our data suggest that the Gdnf-Gfra1 system is tightly regulated and/or that the cell populations expressing these genes vary during spermatogenic progression.
Cellular Localization of the Expression
We therefore explored the gdnfb and gfra1a1 expression in trout isolated germ and somatic cell populations. In particular, three distinct populations of somatic cells were used: 1) blood cells as a negative control, 2) a primary culture of testicular cells enriched in somatic cells, including Sertoli cells, Leydig cells, and fibroblasts/myoid cells, and contaminated with spermatogonia as explained in Materials and Methods, and 3) BELLAÏCHE ET AL.
the trout cell line, RTG-2. This fibroblastlike RTG-2 cell line was established from gonadal tissue [44] , and its male origin was confirmed by the identification of sdy in its genome, a male-specific gene [45] . Together, these two characteristics imply that RTG-2 line was derived from the trout testicular cells, although its precise lineage is unknown. Our data confirm their somatic cell origin because RTG2 cells expressed very little or no germ-line-specific transcripts like vasa or rshl2 (Fig. 2) nor piwi or dazl (data not shown). Furthermore, four populations of germ cells sorted by centrifugal elutriation and enriched in und A-Spg, B-spg (the term in fish for rapidly dividing and differentiating spermatogonia), or spermatocytes as described in [1] were included (Fig. 3A) . The expression of gsdf1 (Sertoli cell-specific gene) [42, 43] was high in the primary somatic cell cultures, reflecting the presence of Sertoli cells in this population. The gsdf1 expression in Sertoli cells is highly stage dependent (see Fig.  2 ) and the high mean standard error probably reflects the fact that the three samples were obtained from independent experiments using testes in stages I to IV of developments. No significant expression levels of this gene were observed in the other somatic and germ cell fractions. In contrast gdnfb expression was 5-to 10-fold higher in the RTG-2 cell line than in the somatic primary culture and was also detected in the ASpg fraction. Such different profiles of the gdnfb and the gsdf1 transcripts open the possibility that these factors do not originate in the same testicular cells.
By comparison, the gfra1a1 transcript was preferentially found in the und A-spg isolated from immature and also from mature testis. It then dropped dramatically in the differentiating germ cell fractions. In contrast, rshl2, used here as a marker of differentiation, presented a profile opposed to that of gfra1a1, supporting the fact that gfra1a1 is specifically expressed in the less differentiated trout germ cells. On the other hand, consistent with its known expression in undifferentiated and differentiated spermatogonia, vasa was highly expressed in A-spg and only very gradually and partially decreased as spermatogonia progressed through their differentiation process. Finally, a low but significant expression of gfra1a1 was also detected in the primary testicular somatic cell culture that may be explained by the presence of up to 40% contaminating spermatogonia in this fraction (note that vasa was also detected in the somatic cell primary culture contaminated with spermatogonia).
Heterologous antibody targeting a conserved epitope between mouse and the predicted protein in rainbow trout were used to confirm the expression of Gfra1 protein in the testicular cells from immature testis. In agreement with the predicted subcellular localization in spermatogonia, staining was detected at or close to the membrane of some trout spermatogonia (Fig. 3B) . Using flow cytometry analysis, we attempted to quantify the proportion of und A-spg expressing Gfra1 on the cell membrane (Fig. 3C) . Among the spermatogonia population purified by centrifugal elutriation, more than 95% of the cells were und A-Spg (as identified by classical histology on morphological criteria described in [1] ). Using flow cytometry, we observed that only 10% to 15% (three independent experiments) of those cells showed fluorescence levels greater than the background signal and segregated in the highly fluorescent population. Therefore, this result indicated that Gfra1a1 is expressed at the membrane level in a small subset of the undifferentiated trout A-spg cells, in agreement with the restricted expression profile of this gene reported in mammalian SSCs.
FIG. 2.
Gene expression in whole testicular tissue during the spermatogenetic cycle. Expression profiles were monitored by real-time qPCR in rainbow trout testicular samples. The samples are ordered according to the natural time course of spermatogenesis, immature (stage I, 1-yr old), maturing (from stage II to VII), and spawning (sp, stage VIII). Gene expression level were normalized by rs15 gene expression, and 1-yr-old immature testis expression was arbitrary set to 100. The gfra1a1/nanos2: gfra1a1 expression was also normalized by the expression of nanos2, used here as a stable marker of the putative SSC in trout. Mean and SEM are shown (n ¼ 4-5). Different letters indicate significantly different levels of expression at P , 0.05.
Gdnf AND Gfra1 IN TROUT TESTIS
In Vitro Fsh Action on Gene Expression and Cell Proliferation
Fsh is considered as an important regulator of early stages of the spermatogenetic process in fish [31, 46] . The actions of rainbow trout Fsh on the relative expression of the gdnfb and gfra1a1 transcripts were analyzed in vitro on cultured testicular explants. When compared to the preculture value, the expression of the gdnfb transcript spontaneously increased 1.5-fold during culture in the absence of hormonal stimuli. However, this elevation was eliminated in the presence of Fsh, suggesting some direct or indirect control of this gonadotropin on the gdnf transcript steady-state levels (Fig. 4A) . This was confirmed in each of three independent experiments using either stage I or III testes. Because this result was unexpected, we looked for a possible stimulatory effect of Fsh after a shorter culture time, but no significant and consistent stimulation was observed after 4 to 48 h of treatment (Fig.  4B) . In contrast, the transcript of inha (inhibin alpha), a Sertoli cell factor known to be Fsh dependent, was significantly stimulated in the 96 h Fsh-treated testicular explants, while the relative expression of gsdf1, not known to be Fsh dependent [47] , was significantly reduced after 4 days of culture, but was not regulated by Fsh. These two results proved that the gdnfb response to Fsh was specific and did not result from a systematic bias.
Interestingly, the gfra1a1 transcript encoding for the Gdnf receptor was repeatedly (three independent experiments) upregulated by Fsh treatment, with a mean 2.3-fold increase observed after 96 h of culture (Fig. 4A) . In contrast the other 
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germ-line transcript, vasa or nanos2, was not regulated by the 96 h Fsh treatment.
We then tested whether the Fsh effects on the expression of gfra1a1 and its ligand described here could be related to the changes in A-spg proliferation. BrdU incorporation into testicular explants provided highly variable proliferation indexes (Le Gac, unpublished results). We therefore set up a coculture of somatic testicular cells and A-spg isolated from immature males as previously developed in our laboratory [21, 38] . Purified A-spg cultured alone hardly attached to the culture plates even in the presence of gelatin or laminin, while they strongly attached on the surface of the spread somatic cells in cocultures. As shown in Figure 5A -C, spermatogonia are clearly distinguishable from the somatic cell types. Spermatogonia tend not to flatten and exhibit a round, smaller, and denser nucleus than the somatic cells, while the latter rapidly   FIG. 4 . In vitro effect of Fsh on gdnfb and gfra1a1 expression. A) PCR quantification of gdnfb, gsdf1 (gonadal somatic derived factor 1), inha (inhibin alpha), gfra1a1, vasa, and nanos2 transcripts in testicular explants before culture (T0) or after 96 h of culture in the absence (Ctrl) or presence of 100 ng/ml of Fsh (Fsh). Expression is expressed in relation to the T0 values, arbitrarily set at 100. The values are the mean of three independent experiments (gdnfb, gfra1a1, inha, vasa) or two experiments (gsdf1, nanos2), with five replicate wells per condition in each experiment. B) Time-course effect of Fsh treatment on the gdnfb mRNA expression. Gray line, expression in control wells; black line, expression in Fsh-treated wells (one experiment; n ¼ 5 replicate wells). Mean and SEM are shown (n ¼ 5). The asterisk (*) indicates significantly different levels of expression at P , 0.05.
Gdnf AND Gfra1 IN TROUT TESTIS attach to the plate and spread, so that after 2-5 days in culture they exhibit large, flattened, and ovoid nuclei and a widespread cytoplasm. After 5 days in culture, we observed clusters and chains of several spermatogonia, but pairs and isolated cells were also often detected. Spermatogonia were stuck on the surface of the somatic cells but were also included in between somatic cells, which is similar to their in vivo germinal niche, that is, Sertoli cells totally surrounding the spermatogonia. Having verified that BrdU incorporation over a 24 h period at 128C allowed us to detect the proliferation of spermatogonia and somatic cells (Fig. 5, E and F) , we analyzed the impact of 100 ng/ml purified trout Fsh on cell proliferation after 5 days of culture (Fig. 5D ). Fsh showed a tendency to increase the proliferation index of the somatic cells (not statistically significant), but more interestingly, the addition of Fsh to the culture medium significantly stimulated the proliferation of spermatogonia (Fig. 5D ).
DISCUSSION
We used the model of cyclic spermatogenetic development in trout to explore the regulation of the SSC niche in fish, locally by potential somatic secreted factors and peripherally by hormonal regulation. We identified and studied the expression profile of the rainbow trout orthologs of the genes encoding for Gdnf and its cognate receptor Gfra1, a signaling pathway known for its role in the self-renewal of SSCs in mammals [3, 6, 48] . 
BELLAÏCHE ET AL.
gfra1 Is Expressed in a Subpopulation of Und A-Spg Only one gfra1, gfra1a1, was detected in trout testis by qPCR. More precisely, we found the highest expression of this transcript in early testicular developmental stages. In trout, spermatogenesis occurs synchronously within cysts, and the spermatogenetic development of the testis follows a strict annual reproductive cycle. Early testicular developmental stage I contains only und A-spg. Thus, high expression of gfra1a1 at stage I reveals the possible involvement of this receptor in spermatogonia biology. Moreover, the nanos2 transcript was recently proposed as a specific marker of trout SSCs [1] . So far, gfra1a1 and nanos2 colocalization has not been investigated in the trout. However, their relative expression during the reproductive cycle as measured by vasa expression (Supplemental Fig. S3 ) reveals that the gfra1a1:vasa ratio and the nanos2:vasa ratio present identical profiles, with very high levels in stage I (when only undifferentiated spermatogonia are present in the gonad) and again in the spawning testis (when only presumptive SSCs remain in the tubules). This indicates that gfra1a1 and nanos2 are possibly expressed in the same cell type, which would be the putative SSCs in trout, although we do not know if all nanos2-positive cells are gfra1a1 positive. We also found a preferential expression of gfra1a in the und ASpg population sorted by centrifugal elutriation. We previously showed that this population of purified und A-Spg presented the highest expression levels of the trout homologs for nanos2, plzf, and pou2 genes, three recognized markers of the most undifferentiated spermatogonia and of putative SSCs in other vertebrates. Moreover, by transplantation assay, we also demonstrated the high potential of colonization and contribution to the recipient spermatogenesis of this population of und A-Spg, reflecting the presence of a significant proportion of SSC in this cell fraction [1] . Together these results support the idea of a potential role of gfra1a in the trout SSC fate.
Using immunocytochemistry and flow cytometry, we detected Gfra1 protein on the surface membrane of less than 15% of the purified und A-spg. This is in consistent with the expression and role of this receptor in many mammalian species. In rodent, GFRA1 is expressed by most A single (As) cells, but this expression decreases as the spermatogonial clone grows to become A aligned spermatogonia [10, 49] ; it is also detected in most undifferentiated spermatogonia in other species, including pig [13] , horse [14] , and human [50] . Using a heterologous antibody recognizing the conserved sequence between mouse and tilapia, the Gfra1 protein was previously detected in single A-spg proposed to serve as SSCs in tilapia [27] . Moreover, by in situ hybridization, gfra1 transcript expression was observed in und A-Spg of the testicular germinative zone of the dogfish [26] . From our results and the above-mentioned studies, we suggest that the restricted population of Gfra1-positive spermatogonia detected using flow cytometry represents putative SSCs. Expression of Gfra1 (transcript and/or protein) in some undifferentiated spermatogonia in phylogenetically distant species strongly supports the hypothesis of the conservation over evolution of the Gfra1-Gdnf pathway in the regulation of the early spermatogenesis process.
Finally, we found that the gfra1a1 transcript standardized to nanos2 also increased in stage VII. This could reveal an upregulation of gfra1a1 expression. However, SSCs have been described as heterogeneous populations [51] , in particular not all nanos2-positive cells express gfra1 [52] . As a consequence, the elevation in the late stage VII could also reveal a change in the proportion of SSCs expressing gfra1.
gdnf Is Expressed in a Spermatogenetic Activity-Dependent Manner
The ligand of Gfra1, Gdnf, was also investigated in this study. The gdnfb was the trout gdnf paralog detected in testis but also in the central nervous system. Such expression is consistent with the well-known role of mammalian GDNF in neurogenesis [53] and in the control of maintenance of the SSC pool [3, 6, 48] . More precisely, in the trout testis, we only find a moderate expression of gdnfb transcript in A-Spg population and in primary cultures of testicular somatic cell that include Sertoli cells, Leydig cells, fibroblasts/peritubular cells, and contaminating spermatogonia. However, a 7-to 10-fold higher relative abundance of this transcript was measured in the rainbow trout gonadal cell line, RTG-2 [44] , which is a cell line of testicular origin, although its precise lineage is unknown. Conversely, gsdf1, a tgf-beta member specifically expressed by the Sertoli cells [42, 43] , was clearly detected in the testicular somatic cell cultures containing Sertoli cells but not in the RTG-2 cell line. The quite different profiles of the gdnfb and the gsdf1 transcripts raises the question of the gdnfb transcript origin. Our attempt to localize trout gdnfb mRNA using in situ RNA hybridization or immunocytochemistry failed, most likely due to low transcript expression levels and high nonspecific signal with the sense probe or the isotype control. Recently, Nakajima et al. [54] detected the gdnfb transcript (by in situ hybridization) and a Gdnf-like protein (by immunocytochemistry) in A-Spg of the rainbow trout immature testis, while the expression of Gdnf was not observed in Sertoli cells. These authors conclude that Gdnf most likely acts as an autocrine factor in rainbow trout testes. Our qPCR results are only partially in agreement with these recent data, and we propose that a testicular somatic lineage related to RTG-2 cells could express gdnfb in trout in addition to spermatogonia. Testicular peritubular cells are known to share characteristics of smooth muscle cells. The transcriptomic profile of RTG-2 suggests that this cell line may originate from peritubular myoid cells in the trout testis as seen by the expression of smooth muscle-specific genes (Supplemental Fig. S4 and Le Gac, unpublished results), characteristics of testicular peritubular cells [55] . Although several studies have reported the expression of the gdnf mRNA and protein in rodent Sertoli cells [56, 57] , gdnf expression was also observed in other testicular cells, including peritubular cells, and in germ cells [58, 59] in the mammalian testis. We conclude that the cellular origin of Gdnfb in trout testis includes A-Spg plus another cell type, and this latter cell type could be involved in the dramatic increase of gdnfb expression toward the end of the spermatogenetic cycle. Further investigations will be required to unequivocally identify the intratesticular sources of gdnfb in fish.
We established that the relative abundance of gdnfb showed marked changes along the annual spermatogenetic cycle. A decrease in the relative expression of gdnfb was observed in the early gonadal stages (I to III-IV). This decrease may be the consequence of the decreasing somatic to germ cell ratio resulting from the rapid accumulation of B-Spg. Such a dilution effect has already been reported for other genes in the trout testis [34, 60] . More interestingly, later on, the gdnfb transcript levels dramatically increased toward the end of the spermatogenetic cycle (stages V-VII) before undergoing a complete drop in the spawning testis (stage VIII). This can be related to the fact that between stages V and VII, spermatogenesis progressively stops. The number of cysts containing differentiated spermatogonia decreases, revealing that a decreasing number of germ cell progenitors undergo a Gdnf AND Gfra1 IN TROUT TESTIS differentiation process (Table 1 ; see also [31, 61] ). With regards to those cyclic changes in the trout, the increasing expression of gdnfb when spermatogonial differentiation progressively stops supports a role for this factor in repressing spermatogonial differentiation. Then, at the spawning stage (stage VIII), the remaining und A-Spg are acting as quiescent stem cells (which will become active again 3 mo later to support the next annual spermatogenetic wave), and these quiescent cells may not require the repressive action of Gdnf. In a seasonal mammal, the hamster, GDNF expression also changes in a spermatogenic activity-dependent manner with a reduction of its expression in the inactive stages [12] . Thus, in seasonal species like trout or hamster, GDNF is not secreted continuously to maintain the SSCs pool but rather has a cyclical-dependent expression. In trout, it appears that Gdnfb is probably involved in the balance between SSCs renewal and differentiation by repressing differentiation.
Fsh Stimulates gfra1a1 but Not gdnfb Gene Expression
Interestingly, the present study showed no stimulation of gdnfb expression in the presence of Fsh in three independent in vitro experiments using immature and early maturing trout testicular explants. This is quite different from the situation reported in rodents. Indeed, Tadokoro et al. [24] showed that FSH stimulated Gdnf transcript expression in a mouse primary Sertoli cell culture. Also, an increased Gdnf expression was observed in a time course-dependent manner from 3 to 24 h following Fsh treatment [23] and up to at least 7 days of treatment [25] . Conversely, here, we find that Fsh action negatively affected the gdnfb transcript to maintain its initial preculture level, preventing the up-regulation of this transcript that occurs throughout the culture time. Currently, the mechanism and meaning of this negative effect of Fsh remain unknown.
The gdnf receptor was preferentially expressed in undifferentiated trout spermatogonia, and our data demonstrated that the gfra1a1 transcript was repeatedly up-regulated by Fsh treatment. Because Fsh stimulates the proliferation of spermatogonia (this study), the question arises as to whether that could explain the observed increase in the gfra1a1 transcript. We note that the relatively small effect of Fsh on the proliferation of spermatogonia (þ22%) may not explain the increased expression of gfra1a1 induced by Fsh treatment (up to þ176%). Moreover and in contrast to gfra1, nanos2 and vasa-two transcripts also expressed in undifferentiated spermatogonia-were not significantly affected by the presence of Fsh. So it appears that, in teleosts, Fsh could positively modulate the Gdnf-Gfra1 regulatory pathway in the SSC niche, not by up-regulating the ligand as proposed in mammals, but by up-regulating the receptor expression (or the proportion of SSC expressing Gfra1). This would be the first demonstration in a vertebrate species that Fsh regulates a germinal gene that is critical in SSC biology. Concerning the mechanism of action of Fsh, interestingly, while in mammals, Fsh regulates spermatogenesis through its action on Sertoli cells exclusively, in fish, not only Sertoli but also Leydig cells express the Fsh receptor and can respond to Fsh [22, 37, 62, 63] . Moreover, Fsh receptors are not expressed in trout spermatogonia (Sambroni and Le Gac, unpublished results). Therefore, Fsh control on trout gdnfb may result from a primary action on any of these somatic cells but not in spermatogonia. Also, Fsh up-regulation of the Gfra1 receptor in undifferentiated spermatogonia would probably be indirect, through Fsh-dependent factors released from somatic cells. However, the nature of these factors and the potential mediation of steroids will need specific studies.
Furthermore the gfra1a1 increase observed in vivo toward the end of the reproductive cycle (this study), coincides with the natural elevation of Fsh in the male plasma [31] , which is consistent with the increase of gfra1a1 expression by Fsh observed in vitro.
Finally, when und A-Spg were cocultured with testicular cells, we detected a stimulation of spermatogonia proliferation after 5 days of Fsh treatment. Those results are consistent with the stimulation by FSH of spermatogonial proliferation reported in mammals [19, 64] and in fish [21, 22] . One can speculate that the Gdnf-Gfra1 regulatory pathway is involved in the action of Fsh on these early germ cells in trout, possibly by repressing their differentiation.
In summary, these results strongly indicate the conservation of the Gdnf-Gfra1 pathway as a key regulator of the spermatogonial niche between mammals and teleosts, with interesting differences. In mouse, Gdnf supports the long-term expansion of SSCs in vitro, and this pathway is often considered as a proliferative stimulator (see the review in [48] ). In contrast, the marked increase of gdnfb expression coinciding with the arrest of spermatogenetic activity indicates that gdnfb is likely involved in the repression of SSC differentiation in trout. Unlike in mouse, Fsh would not upregulate the gdnfb expression in trout, but could positively affect the Gdnf-Gfra1 regulatory pathway by up-regulating gfra1a1 expression in SSCs.
